Abstract-From classical charge transport equations and dipole radiation equations, we derive a simple analytical model for the signal detected in terahertz time-domain spectroscopy using photoconducting antennas. The validity of our model is checked by comparison to published calculated results and to experimental data we have measured. This expression depends mostly on the carrier lifetime in the antennas' semiconductor material and on the laser pulse duration. The analytical form of the detected terahertz (THz) signal allows us to separate the contribution of the different experimental parameters. Together with a detailed noise analysis in THz time-domain spectroscopy, we optimize the parameter values in order to achieve the largest dynamics of measurement.
Analytical Modeling and Optimization of Terahertz Time-Domain Spectroscopy Experiments Using Photoswitches as Antennas
Lionel Duvillaret, Frédéric Garet, Jean-François Roux, and Jean-Louis Coutaz
Abstract-From classical charge transport equations and dipole radiation equations, we derive a simple analytical model for the signal detected in terahertz time-domain spectroscopy using photoconducting antennas. The validity of our model is checked by comparison to published calculated results and to experimental data we have measured. This expression depends mostly on the carrier lifetime in the antennas' semiconductor material and on the laser pulse duration. The analytical form of the detected terahertz (THz) signal allows us to separate the contribution of the different experimental parameters. Together with a detailed noise analysis in THz time-domain spectroscopy, we optimize the parameter values in order to achieve the largest dynamics of measurement.
Index Terms-Low-temperature-grown GaAs, noise, photoconduction, terahertz, time-domain spectroscopy.
I. INTRODUCTION

S
INCE the pioneering works of generation and detection of picosecond electromagnetic pulses by Mourou [1] and Auston [2] , and the first applications to time-domain spectroscopy in the far infrared [3] , terahertz time-domain spectroscopy (THz-TDS) has became a widespread technique to explore the millimeter and submillimeter region of the electromagnetic spectrum [4] . During the last ten years, many groups have considerably improved the technique of THz-TDS. The first systems were based on photoconductive switches [5] , [6] , but recently setups that make use of optical rectification and electrooptic sampling [7] , [8] were developed in order to increase the experimental frequency bandwidth. Nevertheless, the original setup based on photoconductive switches still allows one to reach the highest dynamics of measure in the frequency range around 1 THz [9] . However, the improvement of this dynamics and the influence of the noise sources, which limit the performance of the THz-TDS setup, have only been discussed in a few papers [6] , [10] .
Nowadays, the design of optimized setups for THz-TDS spectroscopy is facilitated by the commercial availability of compact and stable femtosecond laser sources and by achievements in ultrafast semiconductors engineering. Low-temperature-grown GaAs [11] annealed at high temper- ature is the most frequently employed material. It exhibits ultrafast carrier lifetime associated to high carrier mobility and high darkness resistivity. Its excellent device-related properties are well controlled by the growing parameters and can be also optimized by doping the semiconductor with beryllium [12] . Therefore, we can now ask ourselves what the best parameters are (laser, photoswitches, etc.) that optimize the dynamics in THz-TDS experiments. This problem has been partially addressed by Tani et al. [13] , who have compared experimentally the relative performance of LT-GaAs and GaAs photoswitches for THz-TDS applications. Also, Mouret et al. [14] have built a setup with two different antennas: a slow material (GaAs:Cr) is used for the emission, while the receiver is fabricated with a fast semiconductor (LT-GaAs). Jepsen et al. [15] have presented a very complete work with numerical and experimental results on THz-TDS signals. They used a Drude-Lorentz model for the calculation of the current in the antennas and a dipole model to compute the radiated THz beam, and they took into account the quasi-optical system of the setup. These authors also discussed the influence of photoswitch engineering on the whole performance of the experiment. More recently, Piao et al. [16] have theoretically studied the role of ultrafast semiconductor carrier lifetime on the generated and detected THz signals. Mostly, these experimental or theoretical works deal with the study of the signal extent in amplitude or bandwidth, but none of them clearly takes into account the noise limitations in THz-TDS. In this paper, we study the optimization of a THz-TDS setup based on photocommutation for both the emitter and the receiver. To this purpose, we use the THz-TDS noise analysis we have already published [10] together with a full analytical model for the calculation of the emitted THz field as well as the detected one. Comparing it with experimental results obtained with our THz-TDS setup validates this model. The analytical form of our theoretical results permits an accurate analysis of the influence of each experimental parameter (photoswitch free-carrier lifetime, carrier collision time, optical pulse duration, laser noise, etc.) on the setup performances [frequency bandwidth, THz power density, dynamics of the experiment, and signal-to-noise ratio (SNR)].
The theoretical derivation of the expression of the THz far field from simple rate equations [15] , [16] is presented in the first part of this paper. We then validate our model by comparison to 1) the theoretical results of [16] and 2) the experimental data we measured in our laboratory. The second part of this paper is devoted to the optimization of the experimental parameters. We first interest ourselves in the influence of the experi-mental parameters on the absolute performance of the system. Then, in order to deal with the signal-to-noise ratio and the dynamics of the experiment, we recall some important considerations about the influence of the laser noise on the THz signals and confirm them with the experiment. Finally, we link these considerations together with the theoretical model to show that, among the experimental parameters, the laser pulse duration is the most crucial one to enhance the dynamics of the THz-TDS signal.
II. ANALYTICAL MODEL
From a phenomenological point of view, the measured signal in a common THz-TDS setup [9] , [17] , using photoswitches as emitting and receiving antennas, results from the following physical phenomena.
1) Under optical pulse illumination, a photocurrent is generated in the dc biased emitting antenna. 2) This rapidly varying photocurrent radiates a THz pulse that propagates toward the receiving antenna. 3) A photocurrent is generated in the receiving antenna, which is biased by the electric field of the incoming THz pulse and triggered by an optical pulse delayed with regard to the one that illuminates the emitter. The varying time-delay between emission and detection allows one to sample the temporal signal. The photocurrent density in the emitter corresponds to the convolution of the temporal shapes of the exciting optical pulse and of the impulse current response of the photoswitch (1) where denotes the convolution product, is the optical power, and , and are, respectively, the charge, the density, and the velocity of photocarriers. The physical parameters relative to the emitting and receiving antennas are, respectively, noted by the subscripts and . The current density represents the impulse response of the photoswitch, i.e., its response to a delta Dirac optical excitation. We make the assumption that the temporal profile of the power of the optical pulses is Gaussian. We also suppose that the laser pulse duration is the same at both emitter and detector. Moreover, to get a simple expression for the current, the free-carrier relaxation in both emitting and receiving photoswitches is assumed to be governed by a single exponential decay law. The extension of this model to any relaxation function is easy provided that the relaxation function is expended into decreasing exponential functions. The dynamics of photogenerated free carriers in semiconductors is well described by the classical Drude model [18] . According to this model, the average velocity of free carriers obeys the differential equation (2) where is the carrier collision time and is the effective mass of the carriers. To study the photoswitching process within a temporal precision on the order of the carrier mean collision time, it is preferable to perform statistical calculation of the carriers motion. This has been done many times for the modeling of photoswitches, mostly with Monte Carlo methods (see, for example, [19] and [20] ). This can constitute a temporal limit of our model.
We suppose here that the switch is uniformly illuminated and that the bias field is constant over the whole illuminated region. Moreover, any saturation or nonlinearity in the switch response is neglected, as the one due to the screening field induced by space charge effects when photoelectrons and holes move apart. This latter hypothesis is valid [15] , [16] , [21] for injected carrier density in the ultrafast semiconductor material smaller than a few 10 cm . When applied to the emitting antenna that is biased by a dc field , we get, from (1) and (2), the expression of the photocurrent density in the emitter (3) which leads to (4) with and . is the free-carrier recombination time and is the averaged incident laser power. To keep legible expressions and to lighten the calculations, we consider here only one type of photocarriers, the electrons. A complete expression can be easily obtained by adding the contribution of light and heavy photogenerated holes. These contributions are given by expressions similar to (4) .
Let us consider here the case of a classical dipolar emitting antenna [22] , which behaves as an Hertzian dipole [2] . The detection of the radiation is performed in the far-field range. Therefore, the radiated electric field is directly proportional to the first temporal derivative of the photocurrent flowing through the gap of the emitting antenna (5) Here, we have neglected the dispersion of the quasi-optical system that focuses the THz beam (hemispherical lenses and/or parabolic mirrors). A complete study of a classical quasi-optical system can be found in [15] . The Gouy shift effect [23] occurring at the beam waist is also ignored. Fig. 1 represents a typical temporal behavior of the photocurrent density in the emitter and of the associated radiated THz far field, respectively given by (4) and (5) . The exciting optical pulse is also shown. One observes that the photocurrent in the emitter shows a longer decaying tail, due to the carrier lifetime, and that the THz far field exhibits a characteristically dipolar behavior. Photocurrent and THz far-field data extracted from [16, The curves are calculated with = 30 fs, = 500 fs, and = 80 fs.
The circles correspond to data extracted from [16] .
Figs. 1 and 4] are drawn as circles in Fig. 1 . Our simple model fits very well the data numerically calculated by Piao et al. [16] for the same parameters.
The spectrum of the THz pulses is given by the Fourier transform of (5) (6) where is the frequency and is the collision time in the emitter.
Let us now consider the generation of the photocurrent in the receiving antenna. This physical process is very similar to the one described for the generation in the emitting antenna, except that the biasing field is the incoming THz field to be detected. The actual photocurrent density in the receiving antenna is given by the convolution product of the temporal shapes of the optical pulse that triggers the receiver and of the impulse response of the photoswitch. Consequently, the instantaneous photocurrent density at the receiver is given by (7) where is the time delay between the THz pulse and the optical pulse onto the receiver.
is the impulse response of the photoswitch to a Dirac optical excitation (8) The average velocity of free carriers, photogenerated at initial time and accelerated by the electric field of the THz pulse, obeys to the differential equation (9) Considering the initial condition , the integration of (9), using (5), gives (10) with and in which is the Heavyside step function. Moreover, the measured signal corresponds to the average current flowing through the gap of the receiving antenna, as the detection electronics is much slower than the signals. Therefore, the expression of the measured photocurrent is given by (11) The integration of (11) leads to (see Appendix A) (12) with . and of the detected current (full line).
The spectrum of the measured photocurrent is given by the Fourier transform of (12) . We obtain a rather simple expression (13) Let us notice that our results (12) and (13) take an even simpler form when both emitting and receiving antennas are similar. Equation (13) indicates that the magnitude of the measured THz signal varies linearly with the applied dc electric field and quadratically with both the optical power (taking into account emission and detection) and the inverse of the free carriers' effective mass. These dependencies are well known as far as no saturation effect is observed, and they have been reported many times [21] , [24] .
We can ask ourselves what would be the incidence of saturation effects on the THz signal. Indeed, we have tried to take into account both velocity overshoot and field screening in the analytical derivation of the THz signal, but the analytical expressions became too much complicated. However, the derivation of the radiated THz pulses can still be done under low saturation effect using a perturbation approach. From these calculations, we have shown (unpublished) that both velocity overshoot and field screening lead to a shortening of the THz pulses and hence to a spectral broadening. These saturation effects are then beneficial and should be sought by anyone who wants to reach higher frequencies. Fig. 2 represents the temporal profiles of both the radiated far field and the measured current, respectively given by (5) and (12) . The magnitude of their spectra, computed respectively with (6) and (13) , is drawn in the insert of Fig. 2 . Due to the charge transport in the detector, the current is smoothed as compared to the impinging THz field. Therefore, its peak frequency is shifted toward lower values, and its magnitude at high frequencies is much smaller than that of the incoming THz field. Moreover, the convolution product, which links incoming field and detected current [ (7), (8), and (10)], gives the detected current a dipolar shape. As already pointed out for Fig. 1 , we have checked that our results are in very good agreement with those of Piao in the case of low carrier injection [16] .
III. EXPERIMENTAL VALIDATION OF THE MODEL
To validate our model experimentally, we compare theoretical calculations with experimental data received with our THz-TDS system. This system has been described in more detail elsewhere [25] : a femtosecond Ti:Sa laser delivers optical pulses whose central wavelength is 800 nm at a repetition rate of 82 MHz. By performing two-photon absorption autocorrelation measurement at the antennas' location, we have observed that the temporal shape of the pulses is almost perfectly Gaussian with 120-fs full-width at half-maximum (FWHM) duration (see inset of Fig. 3 ). The photoconductive antennas are designed following the usual photoswitch geometry proposed by van Exter [22] . The semiconductor material is an annealed LT-GaAs epitaxial layer deposited over a GaAs substrate. The illuminated gap area is 40 6 m wide, while the laser spot is focused onto the gap down to a 50 m waist diameter.
As discussed before, carrier-trapping time is one of the most important parameters of the model. We measured it for the emitting antenna by time-resolved pump and probe reflectivity [26] . The laser is the same as described above; its average pump power ranges from 10 to 140 mW, corresponding to photogenerated carrier density on the order of 10 to 2 10 cm . A typical received signal is given in Fig. 3 . It exhibits a single exponential decay time, confirming that the carriers are trapped at a constant rate. Moreover, the observed decay time does not depend on the optical pump power, indicating that no saturation of the LT-GaAs defect levels occurs in our experiment. These observations validate the hypothesis made for the derivation of (3). The data are perfectly fitted using a single exponential decay time response of 370 20 fs for the material. As the reflectivity change of the sample originates mostly in the bandfilling effect, which is mainly sensitive to the electron dynamics, we conclude that the measured decay time is the electron trapping time.
We have measured the THz current using a simplified THz-TDS setup, without any quasi-optical component to focus the THz beam. The emitting and receiving antennas are made from LT-GaAs films with different recombination times. To fulfill the far field condition, the antennas are put face to face in air at a distance of 2 cm.
The temporal behavior of the recorded THz current together with theoretical fits is shown in Fig. 4 . The experimental data follow the expected dipolar behavior. The dashed curve is calculated directly from (12), with fs [27] and fs, these latter being the only adjustable parameters in our study. The value of fs has been chosen to fit the first rising edge of the signal. Indeed, one can show, from (12) , that the rising edge prior to the first peak of the THz signal is related to the receiver response, whereas the rising edge following the second peak is associated to the emitter one. Even if the general shape of the dashed curve is close to the measured one, we clearly see a discrepancy between theory and experiment. The measured slope between the two peaks is smaller than the calculated one and presents a slight decrease around the zero signal level. Moreover, small oscillations are superimposed at longer times. At least for the first 5 ps, these oscillations cannot be explained by water vapor absorption, as the propagation of the THz beam in air is too short to exhibit such distortion of the THz pulse. On the other hand, these phenomena can be attributed to a resonance effect in the emitting antenna. Indeed, not only is the THz beam radiated by the current flowing through the photoswitch gap but also the whole antenna, including its metallic electrodes, contributes to the emission [5] , [6] , [13] . In our case, the enlargement of the metallic electrode at the gap location is equal to 25 m, corresponding to temporal echoes in the signal separated by approximately 400 fs if using the approximate resonant frequency formula for a dipole antenna given in [13] . In addition, a small part of the difference between theory and experiment could be attributed to the broadening of the THz pulse in the GaAs substrates of the two antennas (the THz beam propagates through a total thickness of 1.3 mm of GaAs), as GaAs presents a weak dispersion in the THz domain [9] . Therefore, we have computed, using (13), a realistic current, taking into account reflections of the signal in the emitting antenna as well as the broadening of the pulse in the substrate [28] . This realistic signal is plotted as a continuous line in Fig. 4 . The agreement between experiment and theory is very good. This validates our simple model for the description of THz emission and detection in a THz-TDS experiment. (13)) for = 500 fs, = 300 fs, = 100 fs, and = 100 fs, plotted on a logarithmic scale. The linear function, the Gaussian, and the square roots of the three Lorentzians are, respectively, plotted in dash-dot, full line, and dotted lines.
IV. OPTIMIZATION OF THE CHARACTERISTIC TIMES FOR THZ TIME-DOMAIN SPECTROSCOPY
In THz-TDS, the signal of interest is the measured current in the frequency domain given by (13) . The modulus of this current, calculated versus frequency, is equal to the product of a Gaussian function (governed by the laser pulse duration), the square root of three Lorentzian functions (governed by the carrier dynamics in the semiconductor), and a linear function. We have plotted in Fig. 5 the typical frequency behavior of these functions. The frequency of the current peak value is given by the maximum of the summation of the five functions involved in (13) when plotted on a logarithmic scale. Therefore, all the time parameters (laser pulse duration, carrier lifetime, and emitter collision time) should be as short as possible to get the peak signal at the highest frequency. At high frequencies, the signal is limited by the laser pulse duration value because the Gaussian function decreases with frequency much faster than the square root of Lorentzian functions. Therefore, one should mostly reduce the laser pulse duration, and not especially optimize the semiconductor, to increase the relative magnitude of the signal at high frequency. This has been observed recently by a Japanese team, who achieved signal up to 20 THz detected with an LT-GaAs photoswitch ps excited by a 15-fs laser [29] .
Figs. 6-8, drawn using (13), illustrate these conclusions. The THz signal is broadened toward high frequencies when the laser pulse duration is shortened (Fig. 6) , while the low-frequency part of the signal remains unchanged at fixed average optical power. On the contrary (Fig. 7) , increasing the carrier trapping time in the emitter enhances the THz signal in the low-frequency part of the spectrum, as well as the total THz power integrated over the whole spectrum. A very similar behavior is observed when plotting the magnitude of the THz signal versus the carrier trapping time in the receiver (not shown here). With the increase of carrier collision time in the emitter, the magnitude of the THz signal is also enhanced in the low-frequency part of the spectrum (Fig. 8) . However, the peak value of the THz signal is no more strongly shifted toward the low frequencies, as observed in Fig. 7 . Let us notice that it is not possible to exchange the emitter and receiver parameters, i.e., and , in (13) . This means that the emitter and receiver do not play the same role in the THz experiment. As appears twice in the denominator of (13) and only once, the detected signal is slightly more sensible to the performance of the emitter, and thus it is preferable to use the fastest semiconductor to fabricate the emitting antenna. Moreover, as seen in (13), the carrier collision times in the emitter and the receiver play completely different roles. Indeed, the receiver collision time has no incidence on the shape of the THz signal spectrum, whereas the emitter collision time modifies this latter one (see Fig. 8 ). Even if we cannot give a straightforward explanation of this behavior, the lack of dependence on the receiver collision time can be viewed as the result of the integration of the detected photocurrent during the measurement.
Until now, we have discussed the absolute magnitude and bandwidth of the THz signal. However, when one desires to characterize materials in the frequency domain, the performance of the THz-TDS setup is also determined by the dynamics of the measure and the SNR. Let us recall that SNR (14) where is the minimum measurable signal and is the standard deviation of the signal. When does not depend on the signal, SNR. It is important to notice that the precision on the material characterization in THz-TDS is related to SNR [10] , while the possibility of measuring highly absorbing materials is restricted by the dynamics .
We have previously shown [10] that the experimental noise originates mostly from the emitter because of the relative intensity noise (RIN) of the laser. Therefore, the overall noise power can be written as the sum of a term depending on the THz signal, and thus on the laser power that excites the emitter, and to a second weak term independent on the THz signal and resulting from a white noise in the receiver. The SNR of the THz-TDS experiment is thus given by SNR
The validity of (15) is demonstrated in Fig. 9 , where we have plotted the SNR peak value, taken at 300 GHz, versus , measured with our experimental setup. The measured data exhibit a saturation behavior that is perfectly fitted with (15) . As we are exciting the antenna in its domain of linearity (the THz signal varies as the laser power), the only possible origin of the saturation comes from the noise dependence of the THz signal given by (15) . The insert shows the spectra of the current and of its standard deviation, recorded with mW. It is clearly seen that the standard deviation is proportional to the signal, together with a superimposed white noise, given by and due to the receiver. As shown in [6] , the noise at the receiver is dominated by the Johnson noise and is almost independent of the carrier lifetime . However, the experimental value of is fixed by the temporal window of the record. Indeed, a white noise in the frequency domain corresponds to a white noise in the time domain. Thus the value of the noise power in the frequency domain is proportional to the integral of this noise in the time domain, and thus to the width of the temporal window. The temporal window is chosen to be larger than the duration of the THz signal in order to avoid any truncation of this signal. From (12) , it can be shown that the duration of the THz signal is approximately equal to if is not much larger than and . Let us now turn toward the study of dynamics. From (15), we can deduce that signal is equal to the white noise and thus (16) The dynamics given by (16) is represented versus frequency for different carrier lifetimes in Fig. 10 . To simplify the figure, we have supposed that the carrier lifetimes in the emitter and the receiver are equal. The curves are normalized to 0 dB for the peak value of the 2-ps curve. As the coefficient of proportionality between and is not known because it is different for each setup, the white noise level cannot be plotted and only the relative value of is drawn. Nevertheless, the noise level, which limits the bandwidth of measurement, is the same for all the plots. It appears that the frequency corresponding to the maximum of dynamics depends strongly on the carrier lifetime. For long carrier lifetimes, the dynamics is very high at low frequencies, but it decreases strongly when increasing the frequency. For much shorter lifetimes, the dynamics is weaker at low frequencies, as compared to the long lifetime case, but it is larger at high frequencies. For example, at 3 THz, the dynamics is down by 9 dB when the lifetime is lengthening from 0.125 to 2 ps. Therefore, we can conclude that for a given laser pulse duration, the semiconductor carrier lifetime should be adapted to the studied range of frequency. It exists an optimum value of the carrier lifetime for each frequency range. For example, with 80-fs laser pulse duration, the best carrier lifetime is certainly 250 fs if the range 1-2 THz is of interest. Fig. 11 presents again versus frequency but plotted for a given carrier lifetime (300 fs) and different laser pulse durations. Shortening the laser pulse duration leads to a strong improvement of the dynamics at high frequencies. For example, at 4 THz, the gain is 10 dB when the pulse duration is reduced from 100 to 25 fs. The peak value of the dynamics, as well as its frequency position and its low-frequency behavior, remain mainly unchanged when varying . Therefore, for a given semiconductor, the best results are obtained with the shortest laser pulse. The frequency range mostly studied in THz-TDS, i.e., expending up to 4 THz, could be reached with a 100-fs-duration laser, as is reported in many publications. Spreading the studied range to frequencies higher than 8-10 THz requires laser pulse duration on the order of 25 fs or less.
V. CONCLUSION
We have proposed and validated a simple analytical model to describe the signal detected in a THz-TDS experiment using photoswitches as antennas. We have studied the dynamics of such measurements as a function of the main experimental parameters, which are the laser pulse duration and the carrier lifetime in the antennas' semiconductor material. The semiconductor should be chosen in accordance with the frequency range to be investigated, while it is preferable to employ the shortest laser pulse duration. For a noise floor level of 50 dB and using the previous parameters (see Fig. 10 ), the attainable bandwidth is limited to 5.8 THz with 500-fs lifetime semiconductors (like damaged SOS or LT-GaAs), and it spreads up to 7.5 THz with ultrafast lifetime 100 fs materials (optimized LT-GaAs or Be:LT-GaAs). The influence of the laser pulse duration is more remarkable, since decreasing this value down to a few tens of femtoseconds leads to reach frequencies higher than 10 THz, even with a rather long semiconductor carrier lifetime, as reported recently [29] .
Finally, we should remind the reader that throughout this paper, we did not take into account the necessary quasi-optical system used to focus the THz beam. Its location in the setup will slightly modify the spectra calculated here, especially at low and high frequencies. But the overall conclusions drawn here will remain the same.
APPENDIX
To calculate the integral appearing in (11), we make first the change of variable and we permute the order of integration. Hence, (11) becomes (A1) As the photoswitch impulse response appearing in (A1) is null for negative values of [see (8) and (10)], the integration over can then begin at and thus the Heaviside function can be removed from (10) . Now, we have to make a first integration of six different terms involving either error function or complementary error function. For that purpose, we use the two following integrals:
where , , and , with and . The second integration is much more straightforward, as the implicated functions are either single exponentials or products of an exponential and an error function. As compared to the intermediate calculations that are quite long and tricky, the result presented in (12) is surprisingly simple.
